We herein propose a novel high-torque-density flux-switching permanent magnet machine (FSPMM) which adopted phase-group concentrated-coil (PGCC) winding and a cogging torque reduction technique. The PGCC winding was applied to increase the torque density. In order to maximize the torque of the FSPMM that utilizes the PGCC windings, the performance according to stator slots/rotor poles combinations were compared. A machine which had 12 stator slots and 13 rotor poles (12S13P) was selected for its top average torque value. However, the 12S13P PGCC FSPMM contains high cogging torque that must be reduced. The cogging torque reduction technique is applied, and the parameters used in the technique are further optimized to achieve the target average torque, while suppressing the cogging torque as much as possible. The optimization process was performed with a collaboration of the genetic algorithm and Kriging method. The analysis results of the optimized design exhibited huge reductions in the cogging torque and eventually in the torque ripple from the initial machine, with reasonable average torque reduction. The entire work was evaluated experimentally using a manufactured prototype.
Introduction
Flux-switching permanent magnet machines (FSPMMs) have been researched for decades [1] [2] [3] [4] [5] [6] [7] [8] [9] . These studies were encouraged by the unique operating principle of the FSPMMs, and the advantages that emerge from their special structures [1] . The machine consists of a cogwheel-like rotor with no magnets, and a stator with magnets sandwiched between iron poles. Similar to the other stator-magnet-positioned machines, an FSPMM operates with modulation flux, unlike rotor-magnet-positioned machines that operate with the magnet pole flux. The advantages of the FSPMM stemming from its unique structure are high torque density compared to other permanent magnet machines, simplicity of magnet heat dissipation, and low demagnetization possibility [2, 10, 11] . Further, the use of phase-group concentrated-coil winding boosted the flux focusing effect of the FSPMM by gathering the poles into groups [2] . However, an FSPMM exhibits a drawback of high cogging torque due to its spoke-type-positioned magnets. This drawback causes high torque ripples that cause control difficulty, noise, and vibrations [9] . Thus, the cogging torque reduction is crucial for the machine to be properly used in applications. To decrease the cogging torque, various methods have been suggested [12] [13] [14] [15] [16] . In [12] , the cogging torque of an FSPMM was reduced by assigning a notch to the stator and rotor. These notches changed the surfaces where the cogging torque occurred, to reduce the peak value of the cogging torque. However, it was difficult to design the small notches. In [13] , the rotor pole of an FSPMM was added with a flange to reduce the cogging torque. This allowed the flux path to be smoothened, resulting in reduced cogging torque. However, the method required more materials for the flange. Similarly, [14] decreased the cogging torque by introducing dummy bridges on the FSPMM stator tooth, which also required more materials. [15] suggested a different method to reduce the cogging torque by injecting a harmonic current to cancel the torque ripple components with the harmonic components. Nevertheless, this method required difficult control methods to inject the harmonic current.
Herein, a novel FSPMM with PGCC windings and a technique for cogging torque reduction is proposed. First, stator and rotor pole combinations are studied to confirm the highest torque model for this winding. Subsequently, to decrease the cogging torque of the highest torque model, a technique to reduce the cogging torque is shown. The technique consisted of introducing round-shaped fillets to the rotor pole arc tip and adjusting the thickness of the iron part of the stator teeth. To effectively decrease the cogging torque and minimize the torque density reduction, the radius of the round-shaped fillet and the thickness of the iron part of stator teeth were optimized. Finally, the prototype of the optimized machine was built for the experiment. The prototype was tested to be compared with the three-dimensional finite element method (3D-FEM) analysis to verify this work.
FSPMM with PGCC Windings and Analysis Model

FSPMM with PGCC Windings
The PGCC winding topology was utilized to concentrate the resultant electromotive forces (EMFs) of each phase as closely as possible by manipulating the stator pole position. Consequently, the air gap flux density was enhanced, owing to a higher total EMF compared to conventional stator machines, thus resulting in a higher torque at the rated current [2] . In an FSPMM, owing to the spoke-type arranged permanent magnets, the flux focusing effect was already in use. Combining the PGCC winding topology and FSPMM topology, the torque boost was further enhanced.
To use the PGCC winding topology, specific equations for stator-rotor pole combinations were utilized as follows.
Stator slot number Q = 3n 1 n 2 (1)
Here, n 1 is the stator coil number of one phase group, and n 2 is the phase group number of each phase [2] (phase group is a group of coils included in one phase, as depicted in Figure 1 ). With different values of n 1 and n 2 , various combinations were possible. Several combinations of the FSPMM with the PGCC winding topology are listed in Table 1 . Combinations with a higher number of poles were excluded considering the leakage flux and high iron loss, which was increased by the increased pole number. To demonstrate the principle of the PGCC winding intuitively, the winding configuration and the resultant EMF vector of the 12S13P FSPMM is shown in Figure 2 . The directions of each winding were set to induce the EMF vector of the same directions in each phase group to achieve the largest phase-group EMF vector. In Figure 2 , black colored lines indicate the EMF vectors of conventional windings. Especially in Figure 2a , the conventional winding and PGCC winding had identical vectors of A1, A3, B1, B3, C1, and C3, but different vectors of A2, A4, B2, B4, C2, and C4. Angles θ between 1 and 2, 3 and 4, vectors had changed due to this difference. As the angles of conventional windings had smaller values compared to the PGCC winding, the sum of the EMF vectors gave a smaller result as shown in Figure 2b . The figures show that the arrangement of the PGCC windings results in each single direction for each phase group, consequently eliciting the back-EMF value to the limit with PGCC winding. 
Analysis Models
To demonstrate the FSPMM with PGCC windings topology, a 12S13P FSPMM with PGCC windings is depicted in Figure 1 . Table 2 shows the design specifications of the machine. Small slot was used as the criteria of the slot area and slot fill factor. 
Performance Evaluation Using Finite Element Analysis
Cogging Torque and Torque
The conventional cogging torque period in mechanical degrees can be described as
Here, θ c is the cogging torque period in mechanical degrees; N s and N r are the stator slots and rotor poles number, LCM(N s , N r ) is the least common multiple of N s and N r [13] .
This formula does not apply for the PGCC winding topologies because the stator configuration is different compared to the conventional machines. This is a result of the grouped stator poles. This modified stator configuration changes the periodicity of the stator slots and rotor poles interactions, consequently changing the period of the cogging torque. Thus, a different equation is developed, which can be written as follows:
Here, θ c_PGCC is the cogging torque period of the PGCC winding topology in mechanical degrees. This always results in six periods of cogging torque in one period of electrical angle in every possible combination of three-phase PGCC winding machines.
The various torque performance of each machine analyzed by two-dimensional (2D) FEM are shown in Figure 3 and Table 3 . Figure 3a proves the aforementioned statement regarding the periodicity of the cogging torque. We found that the amplitude of the cogging torque decreases as the number of poles increases owing to the decreased magnet thickness, and more dispersed magnetic force. The average torque was also reduced owing to an increase in leakage flux, accompanied with the increased slot and pole number [17] . A small reduction in the average torque was due to the thinner magnets with the higher number of slots, allowing the magnets to operate at lower magnet operating points. Even though the 12S13P FSPMM exhibited the highest cogging torque and torque ripple, it demonstrated the top average torque value. Consequently, the 12S13P PGCC FSPMM was selected.
Flux Line and Flux Density
FEM analysis results in load condition which shows the flux lines and flux density which were depicted in Figure 4 . A total of 12 plots were shown with the interval of 30 degrees in electrical angle. Flux lines show the 'flux switching' in the rotor poles, as the name of the topology indicates. Flux density contour plots show little saturation at the tip of the rotor poles due to the cogwheel-like rotor structure. Good flux density distribution was shown on the other parts of the machine. 
Optimization for Cogging Torque Reduction
Cogging Torque Reduction Technique
To decrease the cogging torque of the 12S13P FSPMM, a technique was proposed. The primary idea of the method is to reduce the interaction of the rotor pole and stator slot to reduce cogging torque, while minimizing the average torque reduction. By introducing round-shaped fillets to the rotor pole tip and adjusting the stator iron pole thickness, the idea was realized. By introducing a pole-arc R to the rotor pole, as shown in Figure 5 , the magnetic force of the stator magnets that attracts the rotor iron poles to cause cogging torque was decreased. The airgap interacting surface area of the rotor pole, and the distance between the stator tooth and the rotor pole was changed to affect the cogging torque and the average torque. To utilize the best magnet thickness and stator iron pole to achieve the lowest cogging torque with the highest average torque, the tooth width L was adjusted, as shown in Figure 5 . To maintain the balanced back-EMF and PGCC winding effect, the base line was fixed as the center of the tooth width L, as depicted in Figure 5 . The magnet thickness determined the magnet operating point, and thus determined the total magnetic flux of the machine. The stator iron pole thickness determined the air-gap interacting surface area of the stator, and thus the magnetic force and air-gap flux density. These facts support that the two parameters, R and L, affect the cogging torque and average torque. The two parameters R and L were optimized to elicit the best performance for the proposed PGCC FSPMM.
Optimization
An optimization process to optimize three parameters simultaneously within a short time was utilized. The total optimization process is depicted as a flowchart in Figure 6 [18] . The rotor pole-arc R and stator tooth width L were chosen as design variables for optimization. A design of the experiment was constructed using Latin hypercube sampling. A 2D-FEM analysis was conducted for all the sample models. For the approximation of the objective function from the analysis results of the sample models, the Kriging method was utilized. Next, to discover the optimal values, genetic algorithm was adopted. The process was repeated by a feedback loop until the target value was achieved. 
Objective Function, Constraints, and Design Variables
The objective function was set to minimize the cogging torque. The constraints of the optimization are indicated as below:
Minimize cogging torque (5) • Constraint Average torque > 8.2 Nm, Torque ripple < 10%, Slot fill factor < 45% (6) Cogging torque, which was an objective function, was analyzed on a no-load condition with a speed of 1 RPM. This was to analyze the cogging torque caused by the magnet without input current.
Slot fill factor was set to be lower than 45% to maintain the current density, while the manufacturing possibility was guaranteed.
The range of the rotor pole-arc R was selected by considering the rotor pole size and its effect on the torque performance. The stator tooth width L was adjusted based on the distance from the base line in the middle of the stator tooth iron part. The range of L was selected considering the slot opening and magnet thickness. The selected design variable ranges are as follows:
• Design variables 1 < Rotor pole-arc R < 2.5 (7)
3 < Stator tooth width L < 7 (8)
Optimization Results
The convergence plot of the design variables R, L and the cogging torque are depicted in Figure 7 . Table 4 describes the converged optimal design variables. As shown in Figure 7 , convergence was achieved within 500 iterations. Owing to the constraints, the cogging torque was converged at no less than 0.33.
The torque performances of the initial model and the optimized model are shown in Figure 8 and Table 5 . The optimized design showed 89% cogging torque reduction, and 72.4% torque ripple reduction with only 7% of average torque sacrifice.
Performance losses due to the end effects were often considered in the FSPMM [19] . The end effect was caused by magnet flux leakage in the shaft-axis direction. The effect increases as the ratio of stack length to the machine's outer diameter decreases [20] . The 3D-FEM analysis that can also analyze the end effect was performed on the final optimized model to reveal the performance loss due to the end effect. The 3D-FEM analysis result showed 3% less back-EMF due to the end effect. The end effect decreased the performance by 3% in this machine and is an acceptable performance loss based on previous studies that discussed the end effect [19] [20] [21] .
Prototype Experiment and Discussion
Experimental Setup and Control Method
Experiments were performed on the manufactured prototype of the final optimized 12S13P PGCC FSPMM. The stator, rotor lamination segment, and experimental setup are shown in Figure 9 . Figure 9a ,b shows the manufactured proposed machine which was optimized. Figure 9c shows the experimental setup. A control setup on the left side was composed with the commercial drive, a laptop to input the specific codes, and a torque indicator. On the top side of the figure, the load motor, torque sensor and prototype were connected mechanically for the load experiment. An oscilloscope to measure the various performance of the prototype machine was positioned at the right side of the figure. To control the prototype machine, a commercial AC inverter drive model YASKAWA inverter A1000 was used. As the prototype machine consisted sinusoidal back-EMF, a sinusoidal current was fed with the same phase to the back-EMF to produce the positive sum of resultant torque. To feed a sinusoidal waveform current to the prototype machine, a pulse-width modulation (PWM) method which generates the sinusoidal waveform by switching on and off between the supply and load at fast rate was used. A specific PWM method called space vector modulation, which generates multi-phase sinusoidal, was utilized with more than 10 kHz of switching frequency. Maximum torque per ampere (MTPA) control was used to reach the target torque and speed. Control configuration of the prototype and the generated sinusoidal waveform current was shown in Figure 10 . 
Experimental Results and Discussion
Back-EMF, cogging torque and torque were measured on the prototype. The 2D-, 3D-FEM analysis results, and the measured data of the prototype are shown in Figure 11 and Table 6 . Mainly due to the manufacturing tolerance, the experimental results of the back-EMF showed lower values than the FEM analysis results. Especially, the waveform of the FEM analysis results showed some harmonic components where it was reduced in the experimental results.
The measurement of the cogging torque was done with a different setup from the average torque measurement system. The prototype was rotated without the load at the speed of 1 RPM. The torque sensor of the cogging torque measuring system was able to detect the force due to the magnets in the machine. The measured cogging torque exhibits additional harmonics, mainly owing to the eccentricity. Also, harmonics in the measured cogging torque were exhibited subordinately owing to the mechanical tolerances in manufacturing and the assembly difficulties in practice. Another factor was the difficulty of measuring the precise cogging torque since the value was too low. However, the experiment results were reasonable as the cogging torque period was the same and peak values were similar.
The experimental results of the torque exhibited lower values than FEM analysis results, due to the difference of the back-EMF values. Generally, the experimental results showed good agreement with the values of the 3D-FEM analysis, allowing minor errors caused by the manufacturing tolerance and measuring limit [6, 22, 23] . 
Conclusions
A novel FSPMM for high torque density with the aid of PGCC winding that adopted cogging torque reduction was proposed. The PGCC winding configuration was used to increase the torque density. Stator slot and rotor pole combinations were studied to obtain the maximum torque density, and the 12S13P combination was chosen from the FEM analysis results. The rotor pole-arc R and stator tooth width L optimization was performed to minimize the cogging torque while minimizing the torque reduction. Our results showed that the optimized model had significantly reduced the cogging torque and torque ripple with little sacrifice on the torque density. The 3D-FEM analysis results were shown to consider the end effect. Finally, the prototype of the optimized machine was manufactured to compare the 3D-FEM analysis and the experimental results. The experimental results exhibited good agreement with the analysis results considering the small manufacturing tolerance and eccentricity. However, the unbalanced structure of the proposed machine caused vibration issues due to large net transverse forces and flexural vibrations. These will be solved in further study.
